We investigated how physical incorporation, brine dynamics and bacterial activity regulate the 19 distribution of inorganic nutrients and dissolved organic carbon (DOC) in artificial sea ice during 20 a 19-day experiment that included periods of both ice growth and decay. The experiment was 21 performed using two series of mesocosms: the first consisted of seawater and the second 22 Highlights 43  We reproduced 3 stages of brine dynamic and bacterial activity in artificial ice 44  We showed that the dissolved compounds in ice were non-conservative to salinity 45  Brine dynamics and bacterial activity explain that non-conservative behavior 46  The physico-chemical properties of the compounds is an alternative explanation 47 48
consisted of seawater enriched with humic-rich river water. We grew ice by freezing the water at 23 an air temperature of -14 °C for 14 days after which ice decay was induced by increasing the air 24 temperature to -1 °C. Using the ice temperatures and bulk ice salinities, we derived the brine 25 volume fractions, brine salinities and Rayleigh numbers. The temporal evolution of these 26 physical parameters indicate that there was a succession of 3 stages in the brine dynamics: 27 forced-convection, followed by bottom convection during ice growth, and then brine stratification 28 during ice decay. The major findings are: (1) the incorporation of dissolved compounds (nitrate, 29 nitrite, ammonium, phosphate, silicate, and DOC) into the sea ice was not conservative (relative 30 to salinity) during ice growth. Brine convection clearly influenced the incorporation of the 31 dissolved compounds, since the non-conservative behavior of the dissolved compounds was 32 particularly pronounced in the absence of brine convection. (2) Bacterial activity further 33 regulated nutrient availability in the ice: ammonium and nitrite accumulated as a result of 34 remineralization processes, although bacterial production was too low to induce major changes in 35 DOC concentrations. (3) Different forms of DOC have different properties and hence 36 incorporation efficiencies. In particular, the terrestrially-derived DOC from the river water was 37 less efficiently incorporated into sea ice than the DOC in the seawater. Therefore the main factors 38 regulating the distribution of the dissolved compounds within sea ice are clearly a complex 39 interaction of brine dynamics, biological activity and in the case of dissolved organic matter, the 40 physico-chemical properties of the dissolved constituents themselves. 41 42 1. Introduction 49 Sea ice is formed from the freezing of seawater, and therefore the dissolved inorganic and 50 organic nutrient concentrations in sea ice depend on those of the parent water (Petrich and 51 Eicken, 2010; Weeks, 2010) . Most of these compounds are concentrated in the brine inclusions, 52 as they are not incorporated within the matrix of pure ice crystals (Weeks, 2010) . 53 The two principal regions of sea ice production, the Arctic and Southern Oceans, differ widely in 54 the concentrations of nutrients and dissolved organic matter (DOM) present in the surface waters 55 from which sea ice is formed. The waters of the Arctic Ocean have comparatively lower nutrient 56 concentrations (e.g., nitrate and phosphate), except the Pacific water inflow, but higher input of 57 riverine particulates and DOM, as well as silicate (Dittmar et al., 2001; Wheeler et al., 1997) . In 58 contrast, the Southern Ocean generally has high inorganic nutrient concentrations (Gleitz et al., 59 1994), whereas DOM is of oceanic origin and at comparatively low concentrations (Hansell et al., 60 2009). A consequence of this fundamental difference is that Arctic sea ice can be expected to 61 have a higher DOM content than ice produced in the Southern Ocean (Stedmon et al., 2007;  62 Stedmon et al., 2011) , and as such may promote greater bacterial production, leading to higher 63 pCO 2 concentrations in the brines (Geilfus et al., 2012) . In turn, this could result in the air-ice 64 CO 2 exchange in the Arctic and Antarctic being fundamentally different, although this hypothesis 65 is yet to be verified. 66 In addition to bacterial production, others mechanisms may regulate differences in the dynamics (Fritsen et al., 2013; Fritsen et al., 2001 ) may also be significant, but their impact 76 remains difficult to assess (e.g., Pringle and Ingham, 2009 ). 77 The aim of the present study was to better understand the differences in sea ice biogeochemistry 78 and bacterial activity, related to additional allochthonous riverine DOC during a whole cycle of 79 sea ice formation, consolidation and subsequent decay. In our mesocosm experiment, we 80 reproduced ice growth and ice decay on two series of mesocosms: One consisting of North Sea 81 seawater and the other consisting of North Sea seawater amended with 10% natural DOM-rich 82 river water. The latter was designed to simulate the dissolved organic matter conditions that occur 83 in Arctic shelf waters where much ice formation occurs. We hypothesized that the dissolved 84 compounds of the parent waters would be predominantly incorporated conservatively into the ice 85 (relative to salinity), and would then deviate from the conservative behavior due to bacterial 86 activity, given that there was no autotrophic component in the experiment. We also expected that 87 a deviation from the conservative behavior would be higher in the river-water amended 88 mesocosms because the higher organic matter content would stimulate bacterial activity, if the 89 riverine DOM is bioavailable. The 19-day experiment took place in the Hamburg Ship Model Basin (www.hsva.de). We used 93 21 polyethylene experimental mesocosms with a volume of 1.2 m³ each. Eleven of the 94 mesocosms were filled with 1000 L of seawater from the North Sea (referred here after as SW), 95 and the remaining 10 were filled with 900 L of seawater from the North Sea and 100 L of river 96 water (referred here after as SWR). The North Sea water was collected on 24 May 2012 (54°7'N 97 7°54'E near Helgoland) and transported to Hamburg where the mesocosms were filled within 24 98 hours of collection. The river water was collected during spring freshet in mid May 2012 from 99 River Kiiminkijoki (NW Finland), just before it enters the estuary, stored one week in the cold (4 100 °C), filtered through 0.2 µm using Durapore 10" (Millipore) and Clariflow G 10" (Parker) 101 cartridge filters and added to the mesocosms 2 days afterwards. 102 As there was a slight temperature gradient in the main test basin, the mesocosms were distributed 103 only partially randomly. As shown in Figure 1 , the units were first randomly positioned into 104 rows, but the respective manipulations (SW and SWR) were located at the same or adjacent row. 105 The unit SW11 was reserved for instrumentation and it was excluded from all subsequent 106 calculations and analysis due to possible contamination from instrumentation that was placed 107 inside it. 108 The salinities of the SWR mesocosms were adjusted to the SW values by adding aquarium 109 standard salt (Tropic Marin ® ). Nitrate (NO 3 -) and phosphate (PO 4 3-) were also adjusted to 110 concentrations that did not limit bacterial growth in both series of mesocosms. The addition of 111 river water caused large difference in dissolved silicate (Si(OH) 4 ) and DOC concentrations 112 between the SW and SWR mesocosms, while nitrite (NO 2 -) and ammonium (NH 4 + ) 113 concentrations were similar (Table 1) . Indeed, the differences in the mean starting conditions 114 between SW and SWR were less than 10 % (which was about the range of standard deviation 115 within each series of mesocosms), except for Si(OH) 4 , DOC, bacterial production derived from 116 leucine (BP Leu) and thymidine (BP TdR) incorporation, which were about 4, 1.7, 1.3 and 1.2 117 times higher in SWR, respectively. 118 The adjusted NO 3 and PO 4 3concentrations (Table 1) A PVC tube was set at the corner of each mesocosm to maintain pressure equilibrium between 138 the water and the atmosphere, and this was cleared of ice daily to relieve pressure and as a portal 139 for sampling under-ice waters. Ice thickness was measured on all sampling days outside, but 140 adjacent to, the mesocosms in order to not disturb the ice growth in the mesocosms before the 306 In both mesocosm series, bacterial abundance in ice (ca. 0.1 to 0.8 x 10 6 cells mL -1 ) ( Table 3) 307 was lower than in the parent water (0.9 to 1.0 x 10 6 cells mL -1 ) ( Table 1 ). Figure 6 shows the 308 temporal evolution of bacterial abundance and its vertical variability. During the ice growth 309 phase (day 0 to 14), bacterial abundance was high at all depths from day 0 to day 2, then 310 decreased in the ice interior, but remained in the bottom of the ice in the beginning and in the ice. 311 During the ice decay phase, bacterial concentrations decreased, and the ice bottom maximum 312 observed during ice growth phase disappeared. 313 In order to compare the bacterial activity in both treatments, without the effect of bacterial 314 abundance, we compared both Leu and TdR incorporation per cell ( Figure 6 ), rather than per 315 volume of ice. It is evident that (1) all the values in ice were lower than those in the parent water 316 at the starting conditions, but (2) both Leu and TdR incorporation per cell increased from day 14 317 onwards in parallel with the increase of air temperature, and (3) they were both higher in SWR 318 than in SW. 319 For comparison with the literature, we also calculated bacterial production from both Leu and 320 TdR incorporation. Overall Leu-based bacterial production rates ranged between 0.04 and 0.47 321 µg C L -1 h -1 and TdR-based bacterial production rates between 0.01 and 0.47 µg C L -1 h -1 (Table   322 3). The median Leu/TdR ratio was 44 in SW and 26 in SWR. volume fraction should allow convection to establish hydrostatic equilibrium; the homogeneous 331 bulk salinity throughout the ice indicates that convection had occurred. However, sea ice has to 332 reach a thickness of about 5 cm for gravity drainage to occur (Worster and Wettlaufer, 1997). 333 Our samples were all thinner than 5 cm. We therefore suggest that forced-convection may have 334 occurred instead of the gravity-driven convection (i.e., gravity drainage). Forced-convection is (Figure 2 ) increased the ice temperature. As a consequence, brine salinity decreased, 343 Ra dropped below 1 and brine convection stopped. 344 It is noteworthy that we did not observe full-depth brine convection at the beginning of the 345 warming phase, as found in natural ice covers by Carnat et al. (2013) and Zhou et al. (2013) . This 346 is likely to be a result of the temperature not being low enough at the ice surface to promote a 347 strong brine salinity gradient (a requirement for full-depth brine convection). 348 The impact of brine dynamics on nutrient distribution was clear ( Figure 5 brine (data not shown) did not increase significantly, suggesting that NO 3 reduction and 385 denitrification were minor. Therefore, the adsorption of NO 3 is more likely the factor responsible 386 for the observed negative EF. This is also coherent with the observation of positive NO 3 -EFs in 387 the ice. While cell-specific Leu showed a similar pattern in both treatments, TdR was higher in SWR 415 (compared to SW) both in ice and parent water. This indicates that DOC addition had a positive 416 impact on bacterial growth, which is also in agreement with the slightly higher bacterial 417 abundance and overall higher bacterial production in SWR series (Table 3) where convection was limited. 429 The remineralization of DOC was almost negligible because bacterial productions were low in 430 comparison to the large pool of DOC in sea ice. Indeed, median bacterial production was 0.16 µg 431 C L -1 h -1 , which is equivalent to 0.013 µmol C L -1 h -1 , and this is several orders lower than the 432 DOC concentrations (up to 170 µmol L -1 ) ( Table 3) . As a consequence, the difference in bacterial 433 productions could not explain the difference in the EFs of DOC between SW and SWR. 476 The aim of our experiments was to better understand the difference in sea ice biogeochemistry 477 from ice growth to ice decay related to additional DOC contribution and bacterial production. We 478 reproduced the main stages in brine dynamics that affect the biogeochemistry in natural sea ice 479 (i.e., full-depth convection, bottom convection and brine stratification) despite the short duration 480 of the experiment (19 days). 481 The experiment has shown that dissolved compounds do not necessary behave conservatively in 482 relation to salinity during ice formation, consolidation and melt. Particulate organic matter 483 incorporated into sea ice may rapidly be converted to dissolved compounds, thereby inducing a 484 deviation from the conservative dilution curve. Such deviation from the conservative behavior is 485 however reduced at the bottom of the ice where brine convection occurs. 486 Three distinct phases in bacterial abundance and carbon production were identified corresponding 487 to physical changes. The overall cell-specific bacterial production was lower than in the starting 488 waters, but increased one week after as a response to the bacterial growth in the ice cover. The 489 initiation of a melting phase seemed to introduce unfavorable growth conditions for bacteria, 490 presumably due to sudden change in brine salinity, which have induced osmotic stress on cells. 491 Our results demonstrate that there is a direct regulation of bacterial activity by ice physical 492 processes (brine stability and melting) and suggest that the length and periodicity of freeze-melt mesocosms. Note that SW11, although sampled, was not included into the data set, because it was 704 reserved for continuous physical measurements. 705 Figure 2 . Evolution of the ice thickness during the experiment. The ice thickness is given per row. Row 1 706 refers to the bottommost row of mesocosms (Figure 1) , while row 6 refers to the topmost row of 707 mesocosms in Figure 1 . The vertical dashed line represents the day when we increased the air temperature 708 from -14 to -1 °C. 709 interpolations (natural neighbor). 719 Figure 6 . Evolution of the bacterial abundance (Bacteria) in 10 6 cells ml -1 , cell-specific leucine and 720 thymidine incorporation (in 10 -21 mol cell -1 h -1 ) in ice, in SW and SWR mesocosms. The black dots are 721 depth-interpolated data points, while the colors in between are interpolations (natural neighbor). For each 722 category, the corresponding value in the parent water is mentioned for comparison (10 6 cells ml -1 ). 723 Table 1 . Mean and standard deviation (stdv) of the parameters measured at the beginning of the 724 experiment (day 0) in SW and SWR mesocosms. Bact. refers to bacterial abundance, BP Leu and BP TdR, 725
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to leucine-based and thymidine-based bacterial production, respectively. 726 Table 2 . Days of the experiment with samplings and the associated sampled mesocosms. For all the 727 mesocosms, available data in ice, under-ice water and brine are marked with a cross, while unavailable 728 data are marked with a minus. 729 Table 3 . Minimum and maximum of the parameters measured in ice, brine and under-ice water, and in 730 both SW and SWR mesocosms. Bact. Refers to bacterial abundance, BP Leu and BP TdR, to leucine-731 based and thymidine-based bacterial production, respectively. 732
